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Resumen. La estimación de índices de abundancia de especies amenazadas es crucial para la preservación 
de la biodiversidad. Durante las últimas décadas, los muestreos no invasivos han permitido una aproximación di-
recta y de bajo costo con relación a los métodos tradicionales de captura–marca–recaptura. En particular, el uso 
de plumas que han pasado por el proceso de muda han ha sido muy popular para el seguimiento de poblaciones 
de aves. No obstante, aún existe una carencia de marcadores moleculares con poder de diagnóstico, como los 
microsatélites, para un gran número de especies de interés en conservación. Recientemente, los genes altamente 
polimórﬁcos del complejo mayor de histocompatibilidad (CMH) se han convertido en una alternativa razonable. 
En este estudio probamos la utilidad de los pérﬁles de CMH como una huella genética en Vultur gryphus, una 
especie carroñera de difícil seguimiento mediante técnicas tradicionales. Para dicho ﬁn, hemos aislado genes 
polimórﬁcos y posiblemente funcionales de CMH de clase I (exón 3, 6 alelos) y de clase II B (exón 2, 11 alelos). 
Los análisis de polimorﬁsmos conformacionales de cadena sencilla y de secuenciación directa, combinados con 
identiﬁcación del sexo con técnicas moleculares y estimaciones de la edad de los individuos, permitieron la iden-
tiﬁcación de 80 individuos distintos a partir de 110 plumas de muda colectadas en posaderos. Las proporciones 
entre sexos y entre las distintas clases de edad conﬁrmaron estudios previos basados en observaciones directas 
de individuos. El número de machos adultos dobló el de hembras adultas, estando dicha proporción invertida en 
el caso de juveniles. Además de proporcionar patrones de variación genética relevantes en la respuesta inmune 
frente a patógenos, este estudio demuestra usos potenciales de los genes del CMH más allá de su bien conocido 
papel en ecología evolutiva.
NONINVASIVE ESTIMATION OF MINIMUM POPULATION SIZES
AND VARIABILITY OF THE MAJOR HISTOCOMPATIBILITY
COMPLEX IN THE ANDEAN CONDOR
Estimación No Invasiva de Tamaños Mínimos Poblacionales y Variabilidad del Complejo 
Mayor de Histocompatibilidad en el Cóndor de los Andes
Abstract. Estimating indices of abundance of threatened species is crucial to preserving biodiversity. Over 
the last few decades, noninvasive genetic sampling has proven to be a more straightforward and less expensive 
approach than capture–mark–recapture analyses. In particular, molted feathers have become extremely popular 
for the monitoring of bird populations. Diagnostic molecular markers such as microsatellites, however, are still 
not available for many avian species of conservation concern. Highly polymorphic genes of the major histocom-
patibility complex (MHC), on the other hand, have become reasonably accessible during the last few years. We 
tested the suitability of MHC proﬁles as DNA ﬁngerprints to assist the identiﬁcation of individuals of a scavenger 
difﬁcult to monitor through traditional approaches, the Andean Condor (Vultur gryphus). To achieve this aim, we 
isolated polymorphic and putatively functional genes of MHC class I (exon 3, 6 alleles) and MHC class IIB (exon 
2, 11 alleles). Single-strand conformational polymorphism and direct sequencing of MHC genes, combined with 
molecular sexing and inference of age class from feather color, allowed us to identify 80 different individuals from 
110 molted feathers collected at roost sites. Inferred sex and age ratios were concordant with previous studies rely-
ing on direct observations. Among adults, the number of males was double that of females; among juveniles, this 
ratio was inverted. Besides providing valuable data regarding genetic variation at functionally important genes re-
lated to resistance to pathogens, we demonstrate additional potential of polymorphic MHC loci beyond their well-
known role in evolutionary ecology.
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INTRODUCTION
The decimation of populations critically jeopardizes the pres-
ervation of biodiversity. Estimating population sizes is there-
fore one of the main challenges of conservation biologists. 
Molecular methods relying on polymorphic genetic markers 
have become increasingly popular for the monitoring of wild-
life. Importantly, survey by means of samples taken noninva-
sively, such as hairs, molted feathers, or scat, has minimized 
many of the methodological difﬁculties with elusive, aggres-
sive, or poorly accessible species (Schwartz et al. 2007). From 
all the battery of markers available, simple tandem repeats 
(SSRs) or microsatellites are the most popular because of their 
high polymorphism, codominancy, and cross-ampliﬁcation be-
tween related species. The characterization of a relatively low 
number of microsatellite markers has been satisfactorily used 
for inferring minimum population sizes, individual identity, 
and relatedness in numerous species (Taberlet et al. 1997, Rud-
nik et al. 2005, Regnaut et al. 2006). Diagnostic genetic mark-
ers are lacking for the majority of species, however, given that 
microsatellites need to be isolated from at least closely related 
taxa or developed for each particular case. In spite of substan-
tial technical advances, the generation of libraries of microsat-
ellites still remains a time-consuming and expensive task.
The major histocompatibility complex (MHC) includes 
the most polymorphic genes described in vertebrates so far 
(Robinson et al. 2005). MHC genes encode cell-surface gly-
coproteins that play a crucial role during the activation of the 
adaptive immune system by recognizing small foreign pep-
tides (antigens). The evolutionary signiﬁcance of MHC poly-
morphism is linked to the ability of individuals and species to 
respond efﬁciently to a large spectrum of continuously evolv-
ing pathogens and parasites (Hughes and Nei 1992). Their re-
current consideration as “good genes” has also brought MHC 
genes into the focus of pathogen–host co-evolution, sexual se-
lection, local adaptation, and conservation genetics (Sommer 
2005). However, the isolation and characterization of MHC 
genes from other than a few model species is considered tech-
nically difﬁcult and laborious. As a consequence of compara-
bly small introns (Kaufman et al. 1999, Alcaide et al. 2007), 
long stretches of MHC sequences have been nonetheless iso-
lated from various avian orders by means of the polymerase 
chain reaction (PCR) and primers sitting on conserved coding 
regions (Ekblom et al. 2003, Alcaide et al. 2007, 2009, Hughes 
et al. 2008). Recent studies have also revealed that boundar-
ies between introns and exons might be quite well conserved 
within and even between different avian groups. As a result, 
our capabilities to cross-amplify highly polymorphic MHC 
loci across a huge number of avian species has been substan-
tially enhanced (Alcaide et al. 2007, 2009). Moreover, high 
rates of gene conversion between multiple loci in the avian 
MHC (Wittzell et al. 1999, Alcaide et al. 2007, Miller and 
Lambert 2004) promote the co-ampliﬁcation of gene dupli-
cates through single PCR experiments.
In this study, we have characterized polymorphic MHC 
class I and class II loci in a species whose genome is little 
known, the Andean Condor (Vultur gryphus). This large scav-
enger, currently catalogued as “near threatened” by the Inter-
national Union for the Conservation of Nature and included in 
Appendix I of the Convention on International Trade in En-
dangered Species (BirdLife International 2004), breeds and 
roosts at altitudes of up to 5000 m on inaccessible rocky out-
crops throughout the Andes (del Hoyo et al. 1994, Lamber-
tucci 2007, Lambertucci and Mastrantuoni 2008). This fact 
challenges traditional monitoring techniques relying on 
capture–mark–recapture, use of radio-transmitters, and even 
direct observation. Undoubtedly, the difﬁculty of access to 
the places where condors dwell, breed, and roost has hindered 
detailed monitoring of the species and is the most likely rea-
son why many aspects of the condor’s biology, such as accu-
rate estimates of population size and trends, genetic diversity 
of populations, and the extent of foraging or dispersal move-
ments, are poorly known (Lambertucci 2007). A recent pro-
posal suggests a population around 6200 individuals, more 
than two-thirds probably in Argentina and Chile (Díaz et al. 
2000). Since tens of individuals of both sexes and different age 
classes aggregate to roost at cliffs with shelves (Lambertucci 
et al. 2008), molted feathers are a suitable option for noninva-
sive genetic monitoring. As microsatellite sequences for any 
species of the family Cathartidae have been unavailable to the 
public until very recently (Romanov et al. 2009), we focused 
on individual MHC genotypes. Thus, we characterized and 
isolated polymorphic loci of MHC classes I and II and used 
their patterns of polymorphism, along with molecular sexing 
and age-class data inferred from feather color, to discriminate 
among individuals from a subset of roosts in Argentina.
METHODS
STUDY AREA
Feathers for this study were collected in Argentina during the 
summer of 2007, from 14 communal roosts in Rio Negro and 
Neuquén provinces (n ? 120 feathers), northwestern Patago-
nia (36?–41? S, 70?–71? W), and one communal roost in Santa 
Cruz province (n ? 7 feathers), approximately 1500 km farther 
south in southern Patagonia (50? S, 73? W, Fig. 1). The roosts 
selected for the study are a subset of the roosts in these areas 
but are the main known roosts (Lambertucci 2010; Lamber-
tucci, unpubl. data). The feathers are generally found at the 
base of the cliffs on which the condors roost or breed. The 
number of feathers collected at each roost site ranged from 1 
to 20, and each location was visited only once. Only fresh pri-
mary and secondary feathers from each cliff were collected. 
We also used differences in plumage colors to distinguish 
among age classes. Immature birds (juveniles and subadults, 
up to 5–6 years old) sport a matte brownish gray plumage, 
whereas adults (?6 years old) are black with pure white coverts 
on the upper wing and a white collar (Wallace and Temple 
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clots in feathers have already proven to be a better source of 
DNA than samples from the feather’s tip (Horváth et al. 2005). 
Feather shafts sliced at the level of the blood clot were sus-
pended in 100–200 ?L of a solution containing NaOH (25 mM) 
plus EDTA (0.2 mM) and incubated at 95 ?C for 30 min. Reac-
tions were neutralized by the addition of 100–200 μL of 40-mM 
Tris-HCl neutralization buffer and stored at −20 ?C.
Using the universal primers P2 and P8 (Grifﬁths et al. 1998), 
we identiﬁed the sex of the bird that had shed the feather by PCR 
ampliﬁcation of the CHD-W and CHD-Z genes. These primers 
amplify a single CHD-Z band from males and a CHD-Z plus a 
CHD-W band from females that can be distinguished after elec-
trophoresis in 2.5% agarose gels (males, ZZ; females, ZW). We 
used feathers shed by a female condor kept at a zoo near Seville, 
Spain, as a control for our molecular sexing.
PCR AMPLIFICATION OF MHC GENES
We replicated the entire third exon of genes of MHC class I by 
using primers MHCIint2F (5?-CATTTCCCTGGTYGTGTTT
CAGG-3?; Alcaide et al. 2009) and MHCI-ex3R (5?- CTCACCT
TTCCTCTCCAG-3?). Primer MHCI-ex3R was designed de 
novo over a conserved 3? distal region of exon 3 in the Fal-
coniformes. Almost the whole coding sequence (255 out 
of 271 bp) of the second exon of genes of MHC class II B 
was ampliﬁed by means of primers MHCII-RapEx2F (5?-
CAMACAGRGKTTTTTCCWGGAG-3?) and MHCII-Cat-
Int2R (5?-CTCACCTTTCCTCTCCAG-3?). MHCII-RapEx2F
targeted a conserved intron 1–exon 2 boundary in the Fal-
coniformes, whereas MHCII-CatInt2R was speciﬁcally de-
signed de novo for the Andean Condor. For that purpose, we 
partially sequenced the genomic fragment spanning exons 2 
to 3 by using primers MHCII-RapEx2F and RapEx3CR (5?-
CAGGCTGRCGTGCTCCAC-3?; Alcaide et al. 2007).
The PCR ampliﬁcation proﬁle consisted of 4 min at 
94 ?C, 35 cycles of 40 sec at 94 ?C, 40 sec at 54 ?C (for class 
I loci) or 56 ?C (for class II loci), 40 sec at 72 ?C, and ﬁnally 
4 min at 72 ?C. Each 25-?L reaction contained 1 unit of Taq 
polymerase (Bioline), 1? PCR manufacturer-supplied buffer, 
1.5-mM MgCl2, 0.02% gelatine, 0.2 mM of each dNTP, 10 pmol 
of each primer, and 5% DMSO.
AUTOMATED ANALYSIS OF MHC DIVERSITY 
BY SINGLE-STRAND CONFORMATIONAL
POLYMORPHISM (SSCP)
Nondenaturing capillary electrophoresis enables separation 
of DNA sequences of the same length but different sequence. 
Migration times across a polymeric matrix are dependent on 
DNA folding, which, in turn, is affected by base composi-
tion (Kuhn et al. 2004, Alcaide et al. 2010). For SSCP elec-
trophoresis with an ABI 3130xl Genetic Analyzer (Applied 
Biosystems), we labeled ampliﬁed MHC fragments from in-
dividual molted feathers with ﬂuorescence by using primers 
marked with 6-FAM and VIC (MHC class II) and NED and 
FIGURE 1. Study area in western Argentine Patagonia showing 
locations of the 15 communal roosts from which we collected Andean 
Condor feathers.
1987, del Hoyo et al. 1994). Fresh feathers are those whose 
physical appearance has not been dramatically affected by 
exposure to the sun and weather. We ensured the survey of 
recently molted feathers by gathering only nondegraded feath-
ers, in which slight variations in color could be appreciated. 
The juvenile plumage of the Andean Condor is dark brown, 
then each successive plumage is paler, ﬁnally becoming gray 
with the molt preceding the adult plumage. This gradual tran-
sition of plumage coloration has been also reported in raptors 
(e.g., Herremans and Louette 2000). Therefore, we picked up 
different looking feathers in order to sample as many individ-
uals as possible.
DNA EXTRACTION AND MOLECULAR SEXING
OF MOLTED FEATHERS
The blood clot embedded in the superior umbilicus of each 
feather’s shaft was treated according to a HotSHOT DNA-
extraction protocol adapted from Truett et al. (2000). Blood 
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PET ﬂuorochromes (MHC class I). PCR amplicons were di-
luted 1:10 and subsequently denatured with Hi-Di formamide 
(Applied Biosystems) and heat (95 ?C for 3 min). Electropho-
resis was carried out with a polymer composed of 5% confor-
mational analysis polymer (Applied Biosystems), 10% glycerol, 
and 1x Genetic Analyzer running buffer (Applied Biosystems). 
Samples were run at optimized temperatures, 18 ?C for class II 
loci and 33 ?C for class I loci, with 0.7 ?L of GeneScan 500-LIZ
size standard. The temperature of the room holding the ABI 
3130xl was maintained at or below the run temperature. We used 
GenMapper software version 3.7 (Applied Biosystems) to visu-
alize and analyze the raw data. To test the feasibility and repro-
ducibility of the technique, we processed several molted feathers 
of the female Andean Condor kept at the zoo in Seville.
MOLECULAR CLONING AND SEQUENCING ANALYSIS
In order to identify individual MHC sequences and the puta-
tive number of loci ampliﬁed, we puriﬁed eight selected PCR 
products (see below) for genes of MHC classes I and II in Mi-
crocon centrifuge tubes (Millipore) and, using the PGEM-T 
easy vector system II (Promega), subsequently cloned them 
into bacterial plasmids. We cloned 16 PCR amplicons (8 for 
class I genes and 8 for class II genes) displaying different elec-
trophoretic chromatograms after the SSCP analysis of labeled 
MHC fragments. We assumed that different electrophero-
grams and the presence of particular peaks might represent 
variations in allelic composition. We screened clones for the 
expected size of the insertion in 1.5% agarose gels by running 
a second PCR with M13 primers. We then selected between 12 
and 16 positive clones per individual at random for sequencing 
analysis. All class I and class II PCR amplicons obtained from 
individual molted feathers were directly sequenced as well. 
We carried out sequencing reactions with the Big Dye 1.1 Ter-
minator technology and resolved labeled fragments with the 
ABI 3130xl automated sequencer.
We used the software BioEdit 7.0.9 (Hall 1999) to align 
and edit MHC sequences of the Andean Condor. We consid-
ered cloned sequences to be true MHC alleles only when we 
found the same sequence in at least three different clones. 
We considered sequences differing by no more than two nu-
cleotides from a redundant sequence to be artifacts of PCR 
or misincorportations of bases during bacterial replication 
and so discarded them. We used the software DNAsp (Rozas 
et al. 2003) to generate statistics on polymorphism at loci 
of both MHC classes I and II. Deviations from the neutral 
theory of molecular evolution were tested through Tajima’s 
D test (Tajima 1989), also run in DNAsp. The frequencies of 
nonsynonymous (dN) and synonymous (dS) substitution ra-
tios at those codons constituting positively selected sites in 
the well-studied MHC of the Lesser (Falco naumanni) and 
Common (F. tinnunculus) Kestrels (see Fig. 2) were calcu-
lated with MEGA 4.1 (Kumar et al. 2008).
FIGURE 2. Putative amino acid sequences of loci of MHC classes I and II in the Andean Condor. MHC alleles have been named in accor-
dance with the nomenclature recommended by Klein et al. (1990). The vast majority of polymorphic sites overlap with the coding regions 
encompassing positively selected amino acids in the well-studied MHC of the Lesser (Falco naumanni) and Eurasian (F. tinnunculus) Kestrels 
(putative antigen- binding regions indicated by black bars; see Alcaide et al. 2008, 2009 for details).
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RESULTS
MHC DIVERSITY
We isolated six alleles of MHC class I and 11 of MHC class II 
from Andean Condor feathers (Gene Bank accession numbers 
EU120692-94, GU060474-78, and HM805049-5057; Fig. 2). 
The analysis of 264 bp of the third exon of genes of MHC class 
I revealed 27 segregating sites (S), a nucleotide diversity (?) of 
0.049 (0.0018 per site); the average number of nucleotide dif-
ferences between unique alleles (k) was 12.93. The analysis of 
255 bp of the second exon of genes of MHC class IIB revealed 
32 segregating sites (S), a nucleotide diversity (?) of 0.062 
(0.0019 per site); the average number of nucleotide differences 
between unique alleles (k) was 15.84. Each individual yielded 
one to four alleles of MHC class II and two to four of MHC 
class I. These ﬁndings suggest the co-ampliﬁcation of at least 
two genes of MHC class II and two of MHC class I. In some 
individuals MHC class I and/or MHC class II were represented 
by only one or two alleles. Our ﬁndings therefore suggest that 
gene duplicates might share identical alleles. This phenom-
enon, which has been already documented for other species 
of birds (Wittzell et al. 1999), can be attributed to high rates 
of gene conversion and concerted evolution between different 
loci (Miller and Lambert 2004, Alcaide et al. 2007, 2009).
Tajima’s D test revealed an excess of high-frequency seg-
regating (variable) sites (D ? 2.09, P ? 0.05) within alleles of 
MHC class II. Retention of high levels of nucleotide polymor-
phism can be attributed to balancing selection predominating 
over genetic drift. Although values of Tajima’s D for genes of 
MHC class I were positive, evidence of balancing selection 
was not statistically signiﬁcant (D ? 0.56, P ? 0.10). Rates of 
nonsynonymous substitution at codons presumably involved 
in antigen recognition were notably larger than those of syn-
onymous substitution (dN ? 0.142 ? 0.044, dS ? 0.076 ? 0.047 
for MHC class I genes; dN ? 0.603 ? 0.109, dS ? 0.106 ? 0.055 
for MHC class II genes; see Fig. 2).
MHC GENOTYPES AS DNA FINGERPRINTS
TO IDENTIFIY INDIVIDUALS
MHC proﬁles of individuals were compared through the anal-
ysis of SSCP and direct-sequencing electropherograms. Dif-
ferences in times of migration across the CAP polymer of 
ﬂuorescence-labeled alleles generated several types of SSCP 
electropherograms (Fig. 3). Direct-sequencing electrophero-
grams, on the other hand, revealed variations in nucleotide 
compositions at several positions, according to the MHC 
alleles ampliﬁed in each particular case (Fig. 4). Independent 
FIGURE 3. SSCP electropherograms of ﬂuorescence-labeled PCR products for MHC genes of both class II (green and blue dyes) and 
class I (red and black dyes). Each color represents a different DNA strand of PCR amplicons. Orange peaks belong to the size standard and 
are aligned vertically to facilitate comparisons. Variations in nucleotide composition affect the topology of single-stranded DNA molecules 
and determine retention times during capillary electrophoresis. Reproducibility of ﬁve SSCP chromatograms (A, B, C, D, E) obtained from 
independent PCR of different molted feathers collected at the same or different roost sites. Differences in the y axis represent variations in 
the emitted ﬂuorescence and may be related to small variations in the concentration of PCR products.
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PCR of the feathers from the captive Andean Condor yielded 
high reproducibility in the generation of these patterns, with 
only small variations in the y axis attributed to the concentra-
tion of each PCR amplicon and the ﬂuorescence it subsequently 
emitted. Independent PCR of different feathers collected at the 
same or at different roosts yielded characteristic and informa-
tive electropherograms (see Figs. 3 and 4).
We successfully obtained sex and MHC proﬁles from 110 
out of 127 molted feathers. Molecular sexing failed for some 
feathers probably because of degraded DNA preventing the 
PCR from amplifying the CDH-Z bands. Fourteen SSCP pat-
terns for genes of MHC class I and 32 for those of MHC class 
II could be distinguished. Different MHC genotypes are de-
rived from the combination of the six alleles of class I and 
the 11 of class II presumably shared by gene duplicates. This 
genetic information, combined with molecular sexing and 
determination of age class, enabled us to identify at least 80 
genetically different individuals. Up to 19 individuals could 
be represented by two or even three feathers in our sample, 
which consisted of 33 adult males, 16 adult females, 9 juvenile 
males, and 22 juvenile females. We estimated the probability 
of ﬁnding two individuals of the most abundant sex and age 
class (adult males: 41.25%) with an identical MHC conﬁgura-
tion at 1.4 ? 10−2. Our calculations considered the relative fre-
quencies of each SSCP ﬁngerprint, age class, and sex among 
the 80 genetically distinct individuals. This estimate yielded 
a frequency of 0.175 for the most abundant SSCP ﬁngerprint 
of MHC class II and a frequency of 0.2 for the most abundant 
of MHC class I. This probability of identity does not take into 
account the possibility that closely related individuals were 
FIGURE 4. Correspondence between cloned MHC class II alleles (above), direct sequencing (middle) and SSCP electropherograms (below) 
in three Andean Condors (A, B, and C). Only the most polymorphic and informative coding regions of the second exon of MHC Class II B 
genes are displayed. Dots indicate identity with the top sequence. Degenerate nucleotide positions are indicated by IUPAC codes. The com-
parison of individuals with shared alleles allowed us to associate some characteristics SSCP peaks with particular alleles. For each single 
PCR amplicon, single-stranded DNA molecules were labelled with 6-FAM (blue) and VIC (green dyes). Orange peaks belong to the size 
standard. Only diagnostic peaks allowing the identiﬁcation of particular alleles are labelled. For instance, alleles Vugr6 and Vugr3 generate 
a single peak in the green color but cannot be distinguished in the blue color.
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sampled, so it should be interpreted with caution. Feathers 
that agreed in age, sex, and MHC proﬁle were collected not 
only from the same but also from different locations. We esti-
mate the probability that feathers from different roost sites are 
identical by chance as ?1 ? 10−3.
DISCUSSION
This is the ﬁrst study reporting patterns of MHC variation in 
natural populations of a New World vulture. Taking advantage 
of previous sequence data on avian MHC genes, we success-
fully isolated polymorphic loci of MHC classes I and II from 
the Andean Condor. We did not ﬁnd stop codons or disrupted 
reading frames in any coding region. Positive values of Ta-
jima’s D and an excess of nonsynonymous over synonymous 
substitutions at those codons presumably involved in antigen 
recognition also support the expression and functionality of 
the MHC genes we describe. Importantly, our molecular pro-
tocol might be useful for the investigation of MHC variation in 
other species of the family Cathartidae, including the highly 
endangered California Condor (Gymnogyps californianus). 
Inferences of individual MHC diversity via automated SSCP 
and direct-sequencing analyses, complemented with sex and 
age data, also permitted us to estimate minimum population 
sizes noninvasively in a species whose genome is little known.
MHC DIVERSITY IN THE ANDEAN CONDOR
Our survey of MHC variation in the Andean Condor (6 alleles 
of MHC class I, 11 of MHC class II) did not disclose the ex-
traordinary high levels of genetic polymorphism (?100 al-
leles) found at other avian MHC loci (e.g., Alcaide et al. 2008, 
Pomerová et al. 2009). We estimated a minimum number of 
two genes each of MHC classes I and II in the Andean Con-
dor, a ﬁnding that agrees with estimates reported for raptors 
(Alcaide et al. 2007, 2009). Nonetheless, the actual number 
of gene duplications can be conﬁrmed only through Southern 
blots or a deeper characterization of the condor’s MHC. The 
investigation of allele-segregation patterns from parents to 
offspring may also shed light on the number of loci ampliﬁed 
and the putative linkage of alleles into MHC haplotypes. The 
coordination of studbooks is challenging, however, because of 
the low productivity rates in captivity of this relatively scarce 
species (two nestlings at the most per breeding season) and 
our limitations in monitoring free-ranging breeding pairs.
Although we did not carry out molecular cloning for 
every single feather, the inspection of SSCP and direct-
sequencing electropherograms did not suggest the ampliﬁca-
tion of alleles other than those depicted in Fig. 2. It is reasonable 
to expect that the ampliﬁcation of novel alleles in some in-
dividuals should reveal new polymorphic sites. In this re-
spect, direct-sequencing chromatograms always agreed with 
the overlapping of known alleles. Saying this, we cannot 
discount the underestimation of MHC diversity because we 
analyzed and cloned only a subset of individuals. Our ﬁndings 
nonetheless somewhat agree with the only genetic study of 
the Andean Condor published so far, which documented low 
variation across long stretches of mitochondrial DNA (Hen-
drickson et al. 2003). We isolated identical MHC proﬁles from 
distant sites (Fig. 1), a result that apparently negates the exis-
tence of strong patterns of MHC structuring in this species. 
Previous studies of other birds have reported remarkable pat-
terns of MHC genetic structuring even at small geographical 
scales (e.g., Ekblom et al. 2007, Alcaide et al. 2008, Loiseau et 
al. 2009). Nevertheless, the small number of molted feathers 
we sampled from the most distant site suggests these prelimi-
nary results be interpreted with caution.
MHC GENOTYPES AS DNA FINGERPRINTS
Capillary electrophoresis of labeled PCR amplicons and di-
rect sequencing of loci of MHC classes I and II generated re-
producible and feasible DNA ﬁngerprints that were suitable 
for discriminating individuals. It cannot be totally dismissed, 
however, that different sets of similar alleles may yield identi-
cal SSCP and direct-sequencing electropherograms. Thus we 
may conclude that some feathers come from the same individ-
ual when they in fact do not. This potential limitation never-
theless makes sense with an estimate of minimum population 
size. Genotyping errors represent, on the other hand, a potential 
source of population overestimation. Noninvasive genetic sam-
pling is particularly prone to genotyping errors because it en-
tails analysis of low concentrations of partially degraded DNA 
(Waits and Paetkau 2005). Allele dropout has been documented 
especially in the case of microsatellites, from which short al-
leles are ampliﬁed in preference to longer alleles. In the case of 
our target MHC loci, we obtained equally sized and reasonably 
small (~300 bp) amplicons by PCR. Thus, preferential ampli-
ﬁcation of some alleles over others is not expected in this case. 
It is also worth mentioning that the primers we used for sexing 
(P2/P8) have been associated with high rates of dropout of the 
female-speciﬁc W allele in molted feathers of two species (Geb-
hardt and Waits 2008; see also Casey et al. 2009). This potential 
pitfall has been attributed to mutations in the DNA sequences 
to which the primers anneal. In our sample, we did not assess 
rates of error in sexing, although repeated molecular sexing of 
the control female condor was always successful.
The minimum number of individuals that we estimated is 
around a third of the number of Andean Condors believed to 
occupy northwestern Patagonia. This population, origin of the 
vast majority of molted feathers we sampled, was estimated 
to host a minimum number of 246 birds by simultaneous 
censuses (Lambertucci 2010). We estimated only a part of the 
population because of the number of feathers we collected and 
because of the limitations linked to the resolving power of our 
genetic approach. Since we gathered feathers from each roost 
only once, it is unlikely that we sampled fresh juvenile and 
adult feathers from the same individual molting at different 
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times. In any case, we detected only three proﬁles identical by 
both the MHC and sex among differently colored feathers. The 
collection of primary and secondary feathers from the same 
individual is, on the other hand, more likely. In fact, we con-
ﬁrmed identical proﬁles in several pairs of feathers collected 
from the same or different roosts. Whether these feathers be-
long to the same individual cannot be completely assured 
because of the probabilistic limitations of our approach.
INFERRED SOCIAL STRUCTURE OF ANDEAN
CONDOR ROOSTS
Features of the social structure of Andean Condor roosts have 
permitted us to test the accuracy of our noninvasive approach. 
One of our most interesting ﬁndings conﬁrmed that sex ratios 
in the communal roosts were biased by age class. The num-
ber of adult males was double that of adult females (1:0.48), 
whereas the relationship was inverted in the case of juveniles 
(0.41:1). Our genetic inference of sex ratios in the Andean 
Condor for each age class is in agreement with data from direct 
observations of ﬂying birds in Chile and digital images of birds 
feeding on carcasses in Bolivia (Sarno et al. 2000, Ríos-Uzeda 
and Wallace 2007). Differences between males and females in 
habitat use and mortality rate have been suggested to skew 
the sex ratios of adult birds in favor of males (Donázar et al. 
1999, Sarno et al. 2000). In contrast to the majority of birds 
of prey, male Andean Condors are larger than females, and 
several studies have documented strong competition in the 
acquisition of resources, particularly for warmer and better-
protected roost sites and for access to food (Donázar et al. 
1999, Donázar and Feijoo 2002, Lambertucci et al. 2009). Al-
though we cannot dismiss potential pitfalls in our molecular 
sexing protocol (see above), we believe that the concordance 
between our noninvasive approach and direct observations in 
the ﬁeld adds reliability to our results. In addition, we found a 
ratio of age classes skewed in favor of adults (1:0.63), a ratio 
that has been related to the rate of reproduction and health of 
populations of long-lived species (Wallace and Temple 1988). 
Given that this estimate depends on the population investi-
gated and the year, our ratio of adults to immatures differs 
from reported by previous studies (Sarno et al. 2000, Ríos-
Uzeda and Wallace 2007), but it is in concordance with data 
for the same area (Lambertucci 2010).
CONCLUSION
Conservation efforts and initiatives may require as many suit-
able tools as possible. The survey of individual diversity in the 
MHC from molted feathers has proven successful for infer-
ring variation in evolutionary relevant genes (Sommer 2005) 
as well as minimum population sizes for the Andean Condor. 
Outstanding advances in genomics predict an increase in our 
access to MHC markers in nonmodel organisms. Therefore, 
MHC proﬁles might augment and/or complement identiﬁcation 
of individuals in vertebrates for which other molecular markers 
are lacking or polymorphism is low. Nevertheless, selectively 
neutral markers such as microsatellites should be, whenever 
possible, the ﬁrst option for reaching these goals. In comparison 
to neutral markers, MHC loci have some important limitations 
that cannot be ignored. For instance, genes under selection are 
not adequate for inference of relatedness or gene ﬂow, and, fur-
thermore, the assignment of alleles to locus is challenging in the 
majority of cases (Alcaide et al. 2007, 2009).
ACKNOWLEDGMENTS
We are grateful to Global Vision International volunteers, P. Manger 
and F. Barbar for ﬁeld assistance. We thank F. Hiraldo and M. de 
la Riva for sharing and discussing ideas. A. Píriz and M. Gutiérrez 
greatly helped during the setup of SSCP analyses. We also acknowl-
edge the Fundación BBVA for ﬁnancial support and two anonymous 
reviewers for helpful comments and suggestions to an earlier draft of 
the manuscript. The Delegación Regional Patagonia of the National 
Park Administration and the Dirección de Fauna de Río Negro in 
Argentina gave us the permissions to collect the samples. SAL thanks 
the MAEC-AECID Commission for the support to travel and work 
at the Estación Biológica de Doñana, Spain.
LITERATURE CITED
ALCAIDE, M., S. V. EDWARDS AND J. J. NEGRO. 2007. Characteriza-
tion, polymorphism and evolution of MHC class II B genes in 
birds of prey. Journal of Molecular Evolution 65:541–554.
ALCAIDE, M., S. V. EDWARDS, J. J. NEGRO, D. SERRANO AND J. L.
TELLA. 2008. Extensive polymorphism and geographical varia-
tion at a positively selected MHC class II B gene of the Lesser 
Kestrel (Falco naumanni). Molecular Ecology 17:2652–2665.
ALCAIDE, M., S. V. EDWARDS, L. CADAHÍA, AND J. J. NEGRO. 2009. 
MHC class I genes of birds of prey: isolation, polymorphism and 
diversifying selection. Conservation Genetics 10:1349–1355.
ALCAIDE, M., L. LÓPEZ, A. TANFERMA, J. BLAS, F. SERGIO, AND F.
HIRALDO. 2010. Simultaneous analysis of multiple PCR ampli-
cons enhances capillary SSCP discrimination of MHC alleles. 
Electrophoresis 31:1–4.
BIRDLIFE INTERNATIONAL. 2004. Threatened birds of the world 2004 
[CD ROM]. BirdLife International, Cambridge, UK.
CASEY, A. E., K. L. JONES, B. K. SANDERCOCK, AND S. M. WISELY.
2009. Heteroduplex molecules cause sexing errors in a stan-
dard molecular protocol for avian sexing. Molecular Ecology 
Resources 9:61–65.
DEL HOYO, J., A. ELLIOT, AND J. SARGATAL. 1994. Handbook of the 
birds of the world, vol. 2: New World vultures to guineafowl. 
Lynx Edicions, Barcelona.
DÍAZ, D., M. CUESTA, T. ABREU, AND E. MUJICA. 2000. Estrategia 
de conservación para el cóndor andino (Vultur gryphus). World 
Wildlife Fund and Fundación BioAndina, Caracas, Venezuela.
DONÁZAR, J. A., A. TRAVAINI, O. CEBALLOS, A. RODRÍGUEZ, M. 
DELIBES, AND F. HIRALDO. 1999. Effects of sex-associated com-
petitive asymmetries on foraging group structure and despotic 
distribution in Andean Condors. Behavioral Ecology and Socio-
biology 45:55–65.
DONÁZAR, J. A., AND J. E. FEIJÓO. 2002. Social structure of Andean 
Condor roosts: inﬂuence of sex, age, and season. Condor 104:
832–837.
EKBLOM, R., M. GRAHN, AND J. HÖGLUND. 2003. Patterns of poly-
morphism in the MHC class II of a non-passerine bird, the Great 
Snipe (Gallinago media). Immunogenetics 54:734–741.
478  MIGUEL ALCAIDE ET AL.
EKBLOM, R., S. A. SAETHER, P. JACOBSSON, P. FISKE, T. SAHLMAN,
M. GRAHN, J. A. KÅLÅS, AND J. HÖGLUND. 2007. Spatial pattern 
of MHC class II variation in the Great Snipe (Gallinago media). 
Molecular Ecology 16:1439–1451.
GEBHARDT, K. J., AND L. P. WAITS. 2008. High error rates for avian 
molecular sex identiﬁcation primer sets applied to molted feath-
ers. Journal of Field Ornithology 79:286–292.
GRIFFITHS, R., M. C. DOUBLE, K. ORR, AND R. J. G. DAWSON. 1998. A 
DNA test to sex most birds. Molecular Ecology 7:1071–1075.
HALL, T. A. 1999. BioEdit: a user-friendly biological sequence 
alignment editor and analysis program for Windows 95/98/NT. 
Nucleic Acids Symposium Series 41:95–98.
HENDRICKSON, S. L., R. BLEIWEISS, J. C. MATHEUS, L. SILVA DE
MATHEUS, N. L. JÁCOME, AND E. PAVEZ. 2003. Low genetic vari-
ability in the geographically widespread Andean Condor. Con-
dor 105:1–12.
HERREMANS, M. AND M. LOUETTE. 2000. A partial post-juvenile 
molt and transitional plumage in the Shikra (Accipiter badius)
and Grey Frog Hawk (Accipiter soloensis). Journal of Raptor 
Research 34:249–261.
HORVÁTH, M. B., B. MARTÍNEZ-CRUZ, J. J. NEGRO, L. KALMÁR, AND
J. A. GODOY. 2005. An overlooked DNA source for non-invasive 
genetic analyses in birds. Journal of Avian Biology 36:84–88.
HUGHES, A. L., AND M. NEI. 1992. Maintenance of MHC polymor-
phism. Nature 355:402–403.
HUGHES, C. R., S. MILES, AND J. M. WALBROEHL. 2008. Support 
for the minimal essential MHC hypothesis: a parrot with a single, 
highly polymorphic MHC class II B gene. Immunogenetics 60:
219–231.
KAUFMAN, J., S. MILNE, T. GÖBEL, B. A. WALKER, J. P. JACOB, C.
AUFFREY, R. ZOOROB, AND S. BECK. 1999. The chicken B locus 
is a minimal-essential major histocompatibility complex. Nature 
401:923–925.
KLEIN, J., R. E. BONTROP, R. L. DAWKINS, H. A. ERLICH, U. B. GYL-
LENSTEN, E. R. HEISE, P. P. JONES, P. PARHAM, E. K. WAKELAND
AND D. I. WATKINS. 1990. Nomenclature for the major histocom-
patibility complexes of different species: a proposal. Immunoge-
netics 31:217–219.
KUHN, D. N., J. BORRONE, A. W. MEEROW, J. C. MOTAMAYOR, J. S.
BROWN, AND R. J. SCHNELL. 2004. Single-strand conformation 
polymorphism analysis of candidate genes for reliable identiﬁca-
tion of alleles by capillary array electrophoresis. Electrophoresis 
26:112–125.
KUMAR, S., J. DUDLEY, M. NEI, AND K. TAMURA. 2008. MEGA: A 
biologist-centric software for evolutionary analysis of DNA and 
protein sequences. Brieﬁngs in Bioinformatics 9:299–306.
LAMBERTUCCI, S. A. 2007. Biología y conservación del Cóndor 
Andino (Vultur gryphus) en Argentina. Hornero 22:149–158.
LAMBERTUCCI, S. A. 2010. Size and spatio-temporal variations of the 
Andean Condor Vultur gryphus population in north-west Patagonia, 
Argentina: communal roosts and conservation. Oryx 44:441–447.
LAMBERTUCCI, S. A., N. L. JÁCOME, AND A. TREJO. 2008. Use of com-
munal roosts by Andean Condors in northwest Patagonia, Argen-
tina. Journal of Field Ornithology 79:138–146.
LAMBERTUCCI, S. A., AND O. A. MASTRANTUONI. 2008. Breeding 
behavior of a pair of free-living Andean Condors. Journal of 
Field Ornithology 79:147–151.
LAMBERTUCCI, S. A., A. TREJO, S. DI MARTINO, J. A. SÁNCHEZ-
ZAPATA, J. A. DONÁZAR, AND F. HIRALDO. 2009. Spatial and 
temporal patterns in the diet of the Andean Condor: ecological 
replacement of native fauna by exotic species. Animal Conser-
vation 12:338–345.
LOISEAU, C., M. RICHARD, S. GARNIER, O. CHASTEL, R. JULLIARD,
R. ZOOROB, AND G. SORCI. 2009. Diversifying selection on MHC 
class I in the House Sparrow (Passer domesticus). Molecular Ecol-
ogy 18:1331–1340.
MILLER, H. C., AND D. M. LAMBERT. 2004. Gene duplication and 
gene conversion in class II MHC genes of New Zealand robins 
(Petroicidae). Immunogenetics 56:178–91.
POMEROVÁ, M., T. ALBRECHT, AND J. BRYJA. 2009. Extremely high 
MHC class I variation in a population of a long-distance migrant, 
the Scarlet Roseﬁnch (Carpodacus erythrinus). Immunogenetics 
61:451–461.
RÍOS-UZEDA, B., AND R. B. WALLACE. 2007. Estimating the size of 
the Andean Condor population in the Apolobamba Mountains of 
Bolivia. Journal of Field Ornithology 78:170–175.
REGNAUT, S., P. CHRISTE, M. CHAPUISAT, AND L. FUMAGALLI. 2006. 
Genotyping faeces reveals facultative kin association on Caper-
caillie’s leks. Conservation Genetics 7:665–674.
ROBINSON, J., M. J. WALLER, P. STOEHR, AND S. G. E. MARSH. 2005. 
IPD—the immuno polymorphism database. Nucleic Acids 
Research 33:D523–D526.
ROMANOV, M., E. M. TUTTLE, M. L. HOUCK, W. S. MODI, L. G. CHEM-
NICK, M. L. KORODY, E. M. STREMEL MORK, C. A. OTTEN, T.
RENNER, K. C. JONES, S. DANDEKAR, J. C. PAPP, Y. DA, NISC 
COMPARATIVE SEQUENCING PROGRAM, E. D. GREEN, V. MAGRINI,
M. T. HICKENBOTHAM, J. GLASSCOCK, S. MCGRATH, E. R.
MARDIS, AND O. A. RYDER. 2009. The value of avian genomics 
to the conservation of wildlife. BMC Genomics 10:S10.
ROZAS, J., J. C. SÁNCHEZ-DELBARRIO, X. MESSEGUER, AND R. ROZAS.
2003. DnaSP, DNA polymorphism analyses by the coalescent 
and other methods. Bioinformatics 19:2496–2497.
RUDNICK, J. A., T. E. KATZNER, E. A. BRAGIN, O. E. RHODES, AND
J. A. DEWOODY. 2005. Using naturally shed feathers for individual 
identiﬁcation, genetic parentage analyses, and population moni-
toring in an endangered Eastern Imperial Eagle (Aquila heliaca)
population from Kazakhstan. Molecular Ecology 14:2959–2967.
SARNO, R. J., W. L. FRANKLIN, AND W. S. PREXL. 2000. Activity and 
population characteristics of Andean Condor in southern Chile. 
Revista Chilena de Historia Natural 73:3–8.
SCHWARTZ, M. K., G. LUIKART, AND R. S. WAPLES. 2007. Genetic 
monitoring as a promising tool for conservation and manage-
ment. Trends in Ecology and Evolution 22:25–33.
SOMMER, S. 2005. The importance of immune gene variability (MHC) 
in evolutionary ecology and conservation. Frontiers in Zoology 2:16.
TABERLET, P., J. J. CAMARRA, S. GRIFFIN, E. UHRÈS, O. HANOTTE,
L. P. WAITS, C. DUBOIS-PAGANON, T. BURKE, AND J. BOUVET. 1997. 
Noninvasive genetic tracking of the endangered Pyrenean brown 
bear population. Molecular Ecology 6:869–876.
TAJIMA, F. 1989. Statistical methods to test for nucleotide mutation 
hypothesis by DNA polymorphism. Genetics 123:585–595.
TRUETT, G. E., J. A. WALKER, A. A. TRUETT, R. L. MYNATT,
P. HEEGER, AND M. WARMAN. 2000. Preparation of PCR-quality 
DNA with hot sodium hydroxide and tris (HOTSHOT). Biotech-
niques 29:52–54.
WAITS, L. P., AND D. PAETKAU. 2005. New non-invasive genetic sam-
pling tools for wildlife biologists: a review of applications and 
recommendations for accurate data collection. Journal of Wild-
life Management 69:1419–1433.
WALLACE, M. P., AND S. A. TEMPLE. 1987. Releasing captive-reared 
Andean Condors to the wild. Journal of Wildlife Management 
51:541–550.
WALLACE, M. P., AND S. A. TEMPLE. 1988. Impacts of the 1982–1983 
El Niño on population dynamics of Andean Condors in Perú. 
Biotropica 20:144–150.
WITTZELL, H., A. BERNOT, C. AUFFREY, AND R. ZOOROB. 1999. 
Concerted evolution of two MHC class II B loci in pheasants and 
domestic chickens. Molecular Biology and Evolution 16:479–490.
